We present a systematic study on the Raman gray molasses cooling (RGMC) of cesium atoms on the D2 transition. Due to the large splitting in the excited hyperfine transitions of cesium D2 line, it is relatively simple to implement the RGMC with suitable frequency control on the trapping and repumping lasers of the magneto-optical trap (MOT). We have achieved an atom temperature of 1.7±0.2 µK after the RGMC with 3.2 × 10 8 atoms. The phase space density is 1.43 × 10 −4 . Compared to the condition with a bare MOT or the MOT with a standard polarization gradient cooling, the phase space density increases by a factor of more than 10 3 or 10, respectively.
I. INTRODUCTION
Laser cooling and trapping of atoms in magneto-optical traps and optical molasses [1] , developed around the 1980s, has become a starting point for experiments on quantum optics and quantum many-body physics. The sub-Doppler cooling based on the polarization gradients and optical pumping among Zeeman sublevels in optical molasses with a red-detuned cooling laser driving the F → F = F + 1 cycling transition leads to an atom temperature below the Doppler temperature limit [2] [3] [4] . Around the middle 1990s, a variant sub-Doppler cooling mechanism was proposed [5] and demonstrated [6] [7] [8] in which a blue-detuned cooling laser driving the F → F = F or F → F = F − 1 open transition is used. Because atoms can be optically pumped to Zeeman dark states with a significantly reduced fluorescence rate once they are cold, this cooling method is also called "gray molasses cooling" (GMC) while the cooling with a cycling transition is called "bright molasses cooling"(BMC). The GMC allows one to achieve an even colder temperature and a higher atom density compared to the BMC. With either of the sub-Doppler cooling methods, it is advantageous to increase the phase space density of atoms when loading them to either magnetic traps or optical dipole traps for evaporative cooling to quantum degeneracy.
It is usually considered that sub-Doppler cooling could be ineffective for the D 2 transition of lithium and potassium, especially their bosonic isotopes, due to the narrow excited-state structure [9] . However, more careful studies show that one can achieve the sub-Doppler temperature by sophisticated dynamic control of the intensity and detuning of the cooling and repumping lasers [10, 11] . Recently, the success of blue-detuned, Λ-enhanced sub- [22] . In most of the works with Li, K and Na, the RGMC were implemented with the D 1 or the D 2 transition which have well-separated hyperfine spacing. Thanks to the large hyperfine splitting in the D 2 transition of 87 Rb and 133 Cs, the RGMC could be easily implemented based on the trapping and repumping lasers with suitable frequency control. Although there are other cooling schemes, such as degenerate Raman sideband cooling [23] that allows one to cool atoms to sub-µK temperature, they require more lasers and a relatively complicated setup. RGMC provides a simple and effective way to increase the phase space density of the atoms, which facilitates the loading into optical dipole traps for further cooling to quantum degeneracies [15, 21] . In this paper, we report the RGMC of 133 Cs to 1.7±0.2 µK with a capture efficiency of >80 % with an initial atom number of 3.7×10
8 . This brings a closure of the demonstration of RGMC for stable alkali species. Table I gives a summary of the alkali species and isotopes that RGMC have been implemented.
The theoretical aspect of RGMC has been studied in [14, 19, 22] . With the one-dimensional model in a Λ-type three-level system, one can calculate the friction coefficient and the photon scattering rate based on the optical Bloch equation under certain approximations. A narrow dispersive feature in the friction coefficient around the Raman resonance condition appears with the red(blue)-detuned side of the two-photon detuning favoring the cooling (heating) force in the case of one-photon blue-detuned for both lasers. The photon scattering rate reaches a minimum at the exact Raman resonance and rises sharply in the blue-detuned side but relative slowly in the red-detuned side. The equilibrium temperature is determined by both the friction coefficient and the photon scattering rate. The degree of Raman coherence of the dark state directly affects the minimum photon scattering rate and thus the atom temperature. the dark state physics, the mutual laser coherence, the magnetic field, and its inhomogeneity ...etc may affect the Raman coherence [24] . These parameters should be well controlled in order to reach a low atom temperature. We detail our experimental setup in Sec. II and present the results and discussions in Sec. III, followed by a conclusion.
II. EXPERIMENTAL SETUP
Our cesium magneto-optical trap (MOT) is implemented in a glass cell with six independent trapping and repumping beams. Typically, we have ∼20 and ∼12 mW per beam for the trapping and repumping light, respectively. The power of the trapping and repumping beams can be tuned by controlling the driving radio-frequency (rf) power of the acousto-optic modulator (AOM) through a voltage-controlled attenuator. The diameters of the trapping and repumping beams are ∼23 mm. Two cesium dispensers are put close to the MOT region and operated with a current of ∼3 A. Typically, we trap ∼ 4 × 10 8 atoms in the MOT. A master laser is locked to the crossover of the |F = 4 → |F = 4 and |F = 4 → |F = 5 transitions of cesium D 2 line. Part of its light passes through a fiber electro-optic modulator (EOM 1) with the +1 order sideband injection locking an intermediate laser (IL1). Part of the light of IL1 passes through an AOM in a double pass configuration then seeds a tampered amplifier. The output of the amplifier passes one AOM and then coupled into a 2 by 6 fiber beam splitter (OZ Optics NEW FUSED-26-850-5/125-16.7-3S-3-2-PM-SF) to act as the repumping light. The frequency of the repumping light is on the resonance of |F = 3 → |F = 4 transition under the normal MOT operation. During the RGMC stage, the frequency of the repumping light jumps to the blue side of the |F = 3 → |F = 4 transition and acts as the cooling laser for RGMC by controlling the driving frequency of the double-passed AOM. We keep the driving frequency of the EOM 1 fixed although it allows a larger frequency tuning range. This is because that part of the light from EOM 1 is also used for another MOT system in the laboratory and both systems are under operation simultaneously. Another part of the IL1 passes through another fiber-EOM (EOM 2) with its -1 order sideband injection locking one intermediate laser (IL2). The light of IL2 seeds another tampered amplifier. The output of this amplifier passes one AOM and then couples into the 2 by 6 fiber splitter to act as the trapping light. The frequency of the trapping light can be switched to the blue side of the |F = 4 → |F = 4 , whose detuning w.r.t. this transition is denoted as ∆, by changing the driving frequency of fiber EOM 2. It acts as the coupling light for RGMC. The two-photon detuning for the RGMC cooling relative to the coupling light is denoted as δ, as shown in Fig.2(a) .
Three pairs of coils are used to compensate the stray magnetic fields. We use the microwave spectroscopy to diagnose the magnitude of the magnetic field and calibrate the magnetic field per current for each pair of compensation coils. Based on these, it is relatively easy to nullify the stray magnetic field to a few mG level, which is crucial to reach a low atom temperature by RGMC. This is not surprising since minimizing the stray magnetic field effectively reduces the ground-state decoherence rate of the dark states and thus the fluorescence and heating rate.
Our timing diagram is shown in Fig. 2(b) . The experiment runs at a repetition rate of 7.5 Hz. At the end of MOT loading period, the current for the MOT quadrupole magnetic field is turned off within 200 µs. One ms after turning off the quadrupole magnetic field, the frequency of the trapping laser jumps to the detuning for RGMC, which is typically ∆ ≈ 4.73Γ unless specified. For a duration of 2 ms, we take advantage of the standard bright molasses cooling to pre-cool the atoms to ∼9 µK before performing the RGMC. We also check the performance of RGMC directly from MOT without BMC in which the atom temperature is around 120 µK. We find that the final atom temperatures after RGMC with and without the pre-cooling are almost the same. We choose the timing with the 2-ms pre-cooling in all data taking. Next, the repumping frequency is switched to the desired value for RGMC, remaining a constant for the following 4 ms. The intensities of both trapping and repumping beams are also reduced to varying values for studying their dependence on the performance of RGMC. The trapping and repumping light act as the role of coupling and cooling light during RGMC stage. We denote the intensities of RGMC coupling and cooling beam as I coup and I cool , respectively. In the following 1 ms, the RGMC cooling light is turned off and the population is optically pumped by RGMC coupling light to the F = 3 hyperfine ground state, which is the desired state for future experiment related to electromagnetically induced transparency. We then turn off all lasers for a certain flight time and fire the imaging beam which drives the |F = 3 → |F = 2 transition.
From the absorption imaging we determine the twodimensional profile (referred as x and z, where z is the gravity direction) of the column density. To allow a quicker and more reliable fitting, we sum the column density along x and z-axis, respectively. The results are fitted to one-dimensional Gaussian function to get the e −1 width in each axis (σ i , i=x, z). Based on the fit width and amplitude, we obtain the atom number using an absorption cross-section of 
The maximum flight time can be up to 36 ms for a temperature of ∼2 µK. The position shift of the atoms due to gravitational free-fall motion is used to measure the magnification ratio of the imaging system, allowing an accurate determination of the atom temperature. Our atomic clouds are in elliptical shape with the width σ x 2-3 times larger than σ z . The fitting result of T x is not as reliable as T z since it needs even longer flight times to allow a sufficient expansion in cloud size. But the images at longer flight times are limited by the size of the CCD chip. The atom temperatures shown in all figures are T z .
III. RESULTS AND DISCUSSIONS
We have performed a systematic study on the atom number and temperature dependence on various parameters during the Raman gray molasses cooling.
A. Cooling time dependence
We first study the atom number and temperature dependence versus the RGMC time at a zero two-photon detuning δ and a one-photon detuning ∆ of 5.73Γ, as shown in Fig.2 . During RGMC, the one-beam coupling and cooling intensities (I coup and I cool ) are 0.273 and 0.022 I sat , respectively, where I sat = 1.10 mW/cm 2 is the saturation intensity of cesium D 2 transition. Prior the RGMC, the atoms have been cooled to 8.4 µK by the bright molasses cooling for 2 ms. With a RGMC time of >∼2 ms, both atom temperature and number reach a steady-state value. We observed a ∼ 28% reduction in atom number and a fourfold reduction in temperature at the steady state. Because we decrease the laser power suddenly to a lower value, the cooling force also decreases significantly and is not sufficient to capture atoms with larger velocities. This causes some atom losses during the molasses stage. This atom loss could be avoided if one gradually decreases the laser power [17] , although we did not implement it in this work. In all of the following studies, we choose an RGMC duration of 4 ms. 
B. Magnetic field dependence
Because RGMC utilizes the dark state, it is expected that the ground-state decoherence rate plays an important role in the cooling performance. During the cooling period, atoms may distribute among different Zeeman sublevels. Minimization of the stray magnetic field effectively reduces the distribution in Zeeman shifts and thus the ground-state decoherence rate. A smaller decoherence rate for the dark state results in a smaller fluorescence (heating) rate and thus a lower atom temperature. Fig. 3 depicts the atom number and temperature versus the magnetic field by controlling the current through one pair of the compensation coils. The atom temperature shows a quadratic dependence on the magnetic field [12] as ∆T=532B 2 µK/G 2 . The stray magnetic field needed to be canceled to less than 14 mG in order to have a negligible increase (< 5%) in temperature.
Another important factor that affects the decoherence rate of the dark state is the mutual coherence between the RGM coupling and cooling lasers. It has been studied that the laser mutual coherence significantly affect the minimum temperature [22] . The minimum temperature achieved with the cooling and coupling lasers being injection-locked to the same master laser is much lower than that achieved with the two lasers independently locked [22] . Since our RGMC cooling and coupling lasers are injection locked to the same master laser with frequency offsets determined by EOMs or AOMs driven by stable signal generators (stabilities < 10 −10 ), the laser mutual coherence should not be the major limitation in the minimum temperature. 
C. Intensity dependence
At a one-photon detuning ∆ of 5.73Γ and a zero twophoton detuning δ, we vary the intensity of RGMC coupling beam (I coup ) while keeping the RGMC cooling beam intensity (I cool ) fixed at 0.023I sat (per beam) and measure the atom number and temperature dependence on the intensity ratio (I cool /I coup ). The results are shown in Fig. 4 . We find an optimal intensity ratio (I cool /I coup ) around 0.1 where atom temperature reaches a minimum.
We then keep the intensity ratio fixed at 0.08 and vary the power of both beams during the RGMC period. The atom number and temperature versus the RGMC cooling beam intensity are shown in Fig.5 . It shows that atom temperature is monotonically proportional to laser intensity. The atom number reduces slightly for lower laser intensities. This is expected as atoms with larger velocities may leave the trap due to weaker trapping forces. detuning δ, as shown in Fig. 6 . The lowest temperature of 1.7± 0.2 µK appears at δ=0, which is a characteristic for Raman gray molasses cooling. At δ=0, the captured atom number is ∼ 80% of that before RGMC, which is 3.7 × 10 8 . For blue detuning (δ >0), the atom temperature rises sharply up to ∼100 µK while the atom number drops slightly. The phase space density at the lowest temperature is 1.43 × 10 −4 . Compared to the condition before RGMC, it increases by more than a factor of 10. Compared to the bare MOT without pre-cooling which has a temperature of 120 µK, the phase space density increases by more than a factor of 1000. We then keep the two-photon detuning fixed at zero and measure the atom number and temperature dependence on the one-photon detuning ∆, as shown in Fig. 7 . The temperatures decrease and reach an almost constant value as the ∆ increase. Limited by the frequency tuning range of the double-passed AOM, the maximum ∆ is 5.73 Γ. Similar behaviors were observed in many other works [18, 20, 22] . As ∆ increase further, we expect the temperature will rise up at some point since the RGMC coupling laser may drive the |F = 4 → |F = 5 cycling transition significantly and degrade Raman coherence of the dark states due to spontaneous decay [18] .
IV. CONCLUSION
In conclusion, we perform a systematic study on Raman gray molasses cooling of cesium with the D 2 line. The lowest atom temperature of 1.7±0.2 µK is achieved. The RGMC provides a simple and effective way to increase the phase space density for further magnetic or optical dipole trap loading and evaporative cooling towards quantum degeneracy.
